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The engineering applications of spintronics devices utilizing both charge 
and spin properties of electrons require host materials for spintronics to 
possess ferromagnetism above room temperature. A research into the 
unique properties of  oxide diluted magnetic semiconductors is one of the 
most important issues for the spintronics application. In this thesis, room 
temperature ferromagnetism (RTFM) was found in several TiO2 related 
films. Through detailed study, the proposed promising host materials for 
spintronics applications were Ga doped TiO2 and N doped TiO2 systems. 
The origin of ferromagnetism in these systems was investigated. The 
ferromagnetism is related with the defect engineering (intentionally 
creating cation or anion vacancies) and p-p interaction model. Based on 
the detailed investigation, the contribution of the work is summarized 
below: 
 
(1) Ga–TiO2 films were deposited by pulsed laser deposition. It is found 
that the as-deposited films demonstrate room-temperature 
ferromagnetism that depends on the doping concentration and oxygen 
partial pressure during the deposition processing. Analysis indicates 
that the ferromagnetism is not associated with the impurities, but with Ti 
vacancies, a finding that is verified by positron annihilation 
spectroscopy. In addition, the possible origins of the ferromagnetism 
VIII 
 
appearing in TiO2 doped with other elements that possess various 
valence states, such as Na, Mg, Sn, Ta and W, is discussed. 
 
(2) Room temperature ferromagnetism has been experimentally observed 
in TiO2:N films prepared by pulse laser deposition under N2O 
atmosphere. The ferromagnetism appears when the N2O partial 
pressure is higher than 10-5 torr. XPS study has revealed that N 
substitutes O at the partial pressure of 10-5 torr, whereas additional N 
atoms occupy interstitial sites besides substituting N at higher N2O 
partial pressures. Our study indicates that the origin of the 
ferromagnetism is the O substitution with N. Each substituted N has a 
magnetic moment of approximately 0.9 μB. The substitution of O also 
resulted in p-type behavior, accompanied with magnetoresistance and 
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Chapter 1 Introduction 
 
Multifunctional materials and devices can respond in vastly different ways if 
subjected to different external inputs. There are many different 
functionalities to be joined in single materials and devices. For example, 
Semiconductors have electrical and optical properties and it is possible to 
electrically control their optical properties and vice versa [1]. One of the 
most promising new paths toward multifunction-ability is spintronics. 
 
Electrons have a charge and a spin, but until recently, charges and spins 
have been considered separately. For instance, two of the most successful 
technologies in existence today have created the Si integrated circuit (ICs) 
industry and the data storage industry. Both continue to advance at a rapid 
pace. The integrated circuits operate by controlling the flow of carriers 
through the semiconductor by applied electric fields. The key parameter 
therefore is the charge on the electrons or holes. For the case of magnetic 
data storage, the key parameter is the spin of the electron, as spin can be 
thought of as the fundamental origin of magnetic moment. Spintronics 
refers to an emerging research area that focus on employing spin in charge 
based electronics [2,3]. The aim of spintronics is the control of spin and 
charge degrees of freedom of carriers in a single system. It represents the 
magnetic control of electrical properties and the electrical control of 
magnetic properties of materials. In small scale, it represents the 
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manipulation of spin and charge of single carriers.  The spintronics 
devices have the potential merits of non-volatility, higher data processing 
speed, less electric power consumption and increased integration densities 
due to a simpler device strucuture. 
 
The first widely studied spintronics effect was the giant magnetoresistance 
(GMR), discovered in metallic multilayers (e.g. Fe/Cr or Co/Cu 
superlattices), by Albert Fert and Peter Grünberg in 1988 [4,5], for which 
the scientists were awarded the Nobel Prize in Physics in 2007.  The 
GMR opened the way to an efficient control of the motion of the electrons 
by acting on their spin through the orientation of a magnetization. In a GMR 
device, the electrical resistance is small when the magnetization 
orientation of ferromagnetic thin layers is aligned, but very large when it is 
anti-parallel. This suggests that information can be encoded not only in the 
electron‘s charge but also in its spin state, i.e., through alignment of the 
spin (either ―spin-up‖ or ―spin-down‖) relative to the magnetization 
orientation of ferromagnetic film. Its application to the read heads of hard 
disk drive (HDD) [6] greatly contributed to the fast rise in the density of 
stored information and led to the extension of the hard disk technology to 
consumer‘s electronics. 
 
Another important stage in the development of spintronics has been the 
research on the tunnel magnetoresistance (TMR) of the magnetic tunnel 
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junctions (MTJ).  The TMR effect occurs in MTJs composed of an 
insulating barrier sandwiched between two magnetic electrodes. The 
physics of TMR is similar in description to GMR, although the transport is 
by tunneling through a nonmagnetic insulating layer, not ballistic transport 
through a metallic nano-region.  The most important, presently discussed 
application of the TMR effect is, however, in the realization of magnetic 
random-access memories (MRAMs). [7,8] The MRAMs are expected to 
combine the short access time of the semiconductor-based RAMs and the 
nonvolatile character of the magnetic memories. Main key features of 
these new devices are their high performance (with symmetrical read and 
write timing), small size and scalability for future technologies, nonvolatility 
(with virtually un- limited read-write endurance), low leakage, and low 
voltage capability. 
 
Considering that the spin dependent effects in HDD and MRAM are 
present in metal-only (GMR) or metal-oxide (TMR) structures, nevertheless, 
if the aim of spintronics is to integrate the manipulation of spins and 
charges in a single device, it is necessary to exploit spintronics in 
semiconductors, since most of the electronic technology is based on 
semiconductors. This may lead to novel devices with dual 
functionalities—processing information and storing at the same time. A 
controllable spin polarization must be created within the conventional 
semiconductors (SC) to make these advanced spin-based semiconductor 
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devices. This idea has triggered an intense activity on doping 
non-magnetic semiconduors with magnetic ions, the so called diluted 
magnetic semiconductors (DMSs). DMS can potentially serve as a source 
for spin-polarized carriers and integrate with existing semiconductor 
devices [9]. 
 
1.1 Overview of Diluted Magnetic Semiconductors (DMSs) 
 
With respect to magnetic properties, semiconductors can be classified as 
magnetic semiconductors, dilute magnetic semiconductors, and 
non-magnetic semiconductors in terms of the amount and distribution of 
magnetic dopants as shown in Fig 1.1 [10]. For a long time, few magnetic 
semiconductors have been known, e.g., europium based chalcogenides 
(e.g. EuO) [11]. This changed substantially with the discovery of diluted 
magnetic semiconductors (DMSs) in the 1980s [12, 13]. Diluted magnetic 
semiconductors (DMS), alloys between nonmagnetic semiconductors and 
magnetic elements, are semiconductors formed by replacing a fraction of 
the cations in a range of compound semiconductors by the transition metal 
ions or appropriate rare earths. The dopants are substituted more or less 
randomly on the host crystal sites where they introduce local magnetic 
moments. The coupling between localized moments and delocalized 
band-electrons renders unique properties of DMS, such as a giant 
spin-splitting of electronic states and indirect ferromagnetic exchange 
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interactions between magnetic moments [2]. In contrast to magnetic 
semiconductors, DMS offer the possibility of studying magnetic 
phenomena in crystals with a simple band structure and excellent 
magneto-optical and transport properties. For practical applications, it is 
desired to find DMS in which the magnetic spins order above room 
temperature. 
 
Fig 1.1 Three types of semiconductors: (A) a magnetic semiconductor, in 
which a periodic array of ordered spins is present; (B) a dilute magnetic 
semiconductor: a nonmagnetic semiconductor to which a dilute 
concentration of ions carrying an unpaired spin has been added; and (C) a 
nonmagnetic semiconductor [10] 
 
Most of the early DMSs were based on Mn-doped II-VI semiconductor 
compounds [12], e.g., CdMnSe, CdMnTe, ZnMnSe, or ZnMnTe, made of 
group II and VI elementary semiconductors. Since Mn exhibits the same 
valence (s2) as the cations of the host they are easily incorporated on the 
cation sites. Another important aspect of these II-VI materials is that they 
are model materials in which localized spins and delocalized holes can be 
introduced and controlled independently, while dimensional effects can be 
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tested by using quantum heterostructures [14]. However, most of the II-VI 
compounds remain in a paramagnetic state; long range ferromagnetic 
order, if any, usually only occurs at very low temperatures [15] 
 
A breakthrough in the research for DMSs was the discovery of 
ferromagnetism in Mn-doped III-V semiconductors in the 1990s, first in 
InMnAs [16, 17] and then in GaMnAs [18-20]. The reported Curie 
temperatures of III-V DMS are generally higher than those in II-VI DMSs, 
due to the strong p-d exchange interaction intermediated by the mobile 
holes; but are still too low for industrial applications. The highest record 
Curie temperature in III-V DMS is 173K, for (GaMn)As [21].  
 
In order to accommodate the practical use at room temperature, a major 
breakthrough was made by changing the III-V semiconductor based to 
oxide semiconductor. In the wake of theoretical predictions [22] that ZnO 
should become ferromagnetic when doped with a transition metal and the 
experimental discovery of room-temperature ferromagnetism in thin films 
of cobalt-doped TiO2 [23], HfO2 [24,25], and Cr-doped In2O3 [26], there is 
considerable interest in oxide simiconductors. 
 




1.2.1 Overview of ODMSs 
 
Compared to non-oxide semiconductors, the advantages of oxide 
semiconductors are: (1) wide band-gap suited for applications with short 
wavelength light, (2) transparency and dyeability with pigments, (3) high 
n-type carrier concentration, (4) capability to be grown at low temperature 
even on plastic substrate, (5) ecological safety and durability, (6) low cost, 
etc. In addition, large electronegativity of oxygen is expected to produce 
strong p-d exchange coupling between band carriers and localized spins 
[27]. Such advantages make oxide semiconductors attractive. Generally, 
due to wide band-gap, i.e. transparent for visible light, oxide 
semiconductors can be doped heavily with n-type carrier. This feature 
serves an important role as transparent conductor that is used for various 
applications [28]. From the viewpoint of DMS, this feature can be promising 
for strong ferromagnetic exchange coupling between localized spins due to 
carrier induced ferromagnetism such as Ruderman-Kittel-Kasuya-Yosida 
interaction and double exchange interaction when localized spin is 
introduced in the oxide semiconductor.  
 
The choice of oxide hosts was motivated to a great extend by the 
prediction of a TC above 300K in Mn-doped ZnO by Dietl et al. [22] This 
prediction opened a way to achieve room-temperature operation with oxide 
diluted magnetic semiconductors. After that, many works based on oxide 
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semiconductors have been reported to show that room temperature 
ferromagnetism (RTFM) can be achived by doping magnetic elements, 
such as Fe, Co, and Ni. [29-31] These investigations have fueled hopes 
that these materials will indeed provide a fundamental basis for practical 
spintronics devices. However, a first key issue in many of the published 
reports is that the ferromagnetism origin is controversial, it is difficult to 
unambiguously demonstrate that the ferromagnetic behavior, typically 
observed using standard magnetometry techniques (e.g. SQUID, AGFM, 
VSM), was intrinsic (e.g. due to some exchange mechanism resulting from 
the substitution of some cation of the matrix by the magnetic dopant) rather 
than extrinsic (due to the formation of parasitic ferro- or ferrimagnetic 
phases, in the form of nanometric clusters, filaments, etc). [32-35] Later, 
RTFM has been observed in undoped oxide semiconductors, [36-38] as 
well as oxide semiconductor matrix doped with nonmagnetic metal, such 
as Cr, Cu, Al and Li. [39-44] It thus intentionally excluded any possibility of 
FM arising from the presence of magnetic precipitates or secondary 
phases. However, the subsequent works have shown that magnetic 
element doped oxide semiconductor does not exhibit ferromagnetism if the 
film has an epitaxial growth without structure defects [45]. In light of these 
discoveries, it is generally agreed that the exact growth conditions are 
crucial in determining the magnetic properties of oxide semiconductor- 
based system. The high sensitivity of FM to preparation conditions boosts 
an emerging consensus that defects in ODMSs may play an important role 
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in inducing or mediating the FM of these materials [44, 46]. It should be 
noticed for most of oxide magnetic semiconductors, RTFM can only be 
observed when the samples were prepared under oxygen deficient 
environment, so the ferromagnetism may be originated from oxygen 
vacancy. However, in the Li doped ZnO system, the ferromagnetism can 
be achieved even when the samples were prepared under oxygen rich 
environment, the ferromagnetism is attributed to Zn vacancies [44]. These 
studies show that the defects, both cationic vacancy and oxygen vacancy, 
can be the origin of RTFM. 
 
More recently, RTFM induce by doping light elements such as C and N to 
oxide semiconductors have been attracted wide interest. [47-52], since 
these elements also may avoid the possible extrinsic ferromagnetism. First 
principle calculations indicate that the ferromagnetism is due to the p–p 
orbital exchange coupling between O and C or O and N, different from the 
traditional DMS that the ferromagnetism is mainly associated with s–d or 
p–d coupling [22]. The long extended orbital of p states can induce 
effective ferromagnetic coupling, even though the concentration of doped 
light element is at a much diluted level [46]. For N doped oxide 
semiconductors, ZnO was first used as host and studied, both 
experimentally and theoretically [48, 50, 52]. Subsequently, many 
theoretical works based on first principle calculations were carried out to 
explore the ferromagnetism of N doped oxide semiconductors other than 
10 
 
ZnO, such as N doped SnO2, In2O3 and TiO2 [53-58] 
 
So far, a universal mechanism of FM in the ODMSs has yet to be well 
established, impeding the further materialization of novel spintronics 
devices based on ODMSs system. However, several models that have 
been proposed may provide at least some clues for explanation of the FM. 
Several mechanisms related with intrinsic magnetic ordering will be 
introduced in the following section. 
 
1.2.2 Theory of ferromagnetism in ODMSs 
 
The important characteristic of a ferromagnetic material is the spontaneous 
magnetization below the Curie temperature.  Above TC, the ferromagnetic 
material loses its permanent magnetism due to thermal agitations. In order 
to have practical applications in functional devices, it would be desirable, to 
have a Curie temperature well above room temperature. Further for some 
device applications, it is also desirable to have the ferromagnetism to be 
due to carrier-mediated ferromagnetism, so that the magnetic properties of 
the DMS can be manipulated by external means such as through 
manipulation of the hole concentration. A better understanding of the 
underlying mechanisms will certainly provide the much needed guidance 




Carrier-mediated exchange model refers to interactions between localized 
magnetic moments that mediated by carriers [59]. This mechanism can be 
divided to three cases: 
 
(1) The mean-field Zener model  
 
The mean-field Zener model proposed by Dietl et al. [22] has been 
successful in describing II-VI and III-V Mn doped DMSs. [60, 16] The 
theory of the mean-field Zener model is based on the original model of 
Zener [61] and the RKKY interaction. In the Zener model, the direct 
interaction between d shells of the adjacent Mn atoms (superexchange) 
leads to an antiferromagnetic configuration of the d shell spins because the 
Mn-d shell is half-filled. On the other hand, the indirect coupling of spins 
through the conduction electrons tends to align the spins of the incomplete 
d shells in a ferromagnetic manner. It is only when this dominates over the 
direct superexchange coupling between adjacent d shells that 
ferromagnetism is possible. Accordingly, the mean-field approach 
assumes that ferromagnetism occurs through interactions between the 
local moments of the Mn atoms mediated by free holes in the material. The 
spin-spin coupling is also assumed to be a long-range interaction, allowing 
the use of a mean-field approximation. The mean-field model calculates 
the effective spin-density due to the Mn ion distribution. The direct Mn-Mn 
interactions are antiferromagnetic so that the Curie temperature, for a 
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given material with a specific Mn concentration and hole density (derived 
from Mn acceptors and/or intentional shallow level acceptor doping), is 
determined by a competition between the ferromagnetic and 
antiferromagnetic interactions. Rudermann – Kittel – Kasuya - Yosida 
(RKKY) exchange model, which was proposed by M. A. Ruderman and 
Charles Kittel [62], refers to the exchange coupling between the magnetic 
ion and the conduction band electrons. This theory is based on Bloch 
wavefunctions, and thus only applicable to crystalline systems. Early 
attempts to understand the magnetic behaviour of DMS systems are based 
this model [63]. The conduction electron is magnetized in the vicinity of the 
magnetic ion, with the polarization decaying with distance from the 
magnetic ion in an oscillatory fashion. This oscillation causes an indirect 
superexchange interaction (RKKY) between two magnetic ions on the 
nearest or next nearest magnetic neighbors. This coupling may result in a 
parallel (ferromagnetic) or an anti-parallel (antiferromagnetic) setting of the 
moments dependent on the separation of the interacting atoms. The RKKY 
interaction between Mn spins via delocalized carriers has been used to 
explain the ferromagnetism observed in PbSnMnTe [48]. However, if the 
carriers come from Mn-d states and are localized, which are far from being 
free-electron-like, the RKKY interaction may not be realistic. Dietl [22] 
demonstrated the equivalence of the RKKY- and Zener model in the mean 
field- and continuous approximations, which forms the basis of the 
mean-field Zener model. As compared to the RKKY interaction, the 
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mean-field Zener model takes into account the anisotropy of the 
carrier-mediated exchange interaction associated with the spin-orbit 
coupling in the host material. In the process it reveals the important effect 
of the spin-orbit coupling in the valence band in determining the magnitude 
of the TC and the direction of the easy axis in p-type ferromagnetic 
semiconductors. Based on this model, it was predicted that TM-doped 
p-type GaN and ZnO, as shown in Fig. 1.2, are the most promising 
candidates for ferromagnetic DMS with high Curie temperature. However, 
these predications are made on the incorporation of some 5% transition 
metal element and hole concentrations of above 1020cm−3. Notwithstanding 
these seemingly yet to be demonstrated high hole concentration (may in 
fact never be attainable) this prediction stimulated a plethora of activity to 
achieve high Curie temperature ferromagnetism by using ZnO and 
GaN-based DMSs. 
 
However, the mean field Zener model may not be applicable to DMS 
containing magnetic impurities other than Mn, since the d-levels of other 
transition metals reside in the band gap and the corresponding correlation 
energy is relatively small [22]. The mean field Zener model assumes that 
holes are formed from states near the valence band edge. If the 
d-electrons participate in charge transport, the mean field Zener model is 
not appropriate for materials such as (Zn,Mn)O and (Ga,Mn)N. The 
hybridization increases when the energy gap between the occupied d-level 
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and the hole states at the top of valence band becomes smaller [64]. 
 
Fig 1.2 Computed values of the Curie temperature for various p-type 
semiconductors containing 5% of Mn and 3.5 × 1020 holes per cm3 [22]. 
 
(2) Double exchange model  
 
Sato and Katayama-Yoshida et al [65, 66] performed first principles ab 
initio calculations of the electronic structures of TM-doped ZnO and 
proposed the double exchange mechanism, which refers to indirect 
coupling between neighbouring ferromagnetic ions with different charge 
state. In the double exchange mechanism, originally proposed by Zener 
[67], magnetic ions in different charge states couple with each other by 
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virtual hopping of the ‗extra‘ electron from one ion to the other. In the DMS 
material, if neighboring TM magnetic moments are in the same direction, 
the TM-d band is widened by the hybridization between the up-spin states. 
Therefore, in the ferromagnetic configuration the band energy can be 
lowered by introducing carriers in the d band. In these cases, the 3d 
electron in the partially occupied 3d-orbitals of the TM is allowed to hop to 
the 3d-orbitals of the neighboring TM, if neighboring TM ions have parallel 
magnetic moments. As a result, the d-electron lowers its kinetic energy by 
hopping in the ferromagnetic state. In other words, parallel alignment of 
magnetic moments is favorable to electron movement from one species to 
another and thus leads to ferromagnetic alignment of neighboring ions. 
The double exchange mechanism has been successfully used to explain 
the ferromagnetism observed in (In,Mn)As [68, 69]. 
 
(3) Bound magnetic polaron (BMP) model 
 
A limitation of the mean field Zener model is that charge carriers are 
treated as free carriers. It does therefore not explain the experimentally 
observed transport properties of insulating and ferromagnetic (GaMn)As, in 
particular the observation of a Mott variable range hopping behavior at low 
temperatures [70 ]. An alternative model is the bound magnetic polaron 
(BMP) model [71-78], which treats the carriers as quasi-localized states in 
an impurity band. The bound magnetic polarons are formed by the 
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alignment of the spins of many transition-metal ions with that of much lower 
number of weakly bound carriers such as excitons within a polaron radius. 
The basic idea is schematically illustrated in Fig.1.3. The localized holes of 
the polarons act on the transition-metal impurities surrounding them, thus 
producing an effective magnetic field and aligning all spins. Even though 
the direct exchange interaction of the localized holes is antiferromagnetic, 
the interaction between bound magnetic polarons is ferromagnetic. Since 
the effective radius of the magnetic polaron depends on the ratio of the 
exchangeand thermal energy, BMPs overlap at sufficiently low 
temperature. This gives rise to a ferromagnetic exchange interaction 
between percolated BMPs at low temperature. If the hole localization 
radius is much less than the distance between BMPs, disorder effects play 
a crucial role in the magnetic properties [71]. This model is inherently 
attractive for low carrier density systems such as many of the oxides. The 
polaron model is applicable to both p- and n-type host materials [74].  
 
1.2.3 Review of Ferromagnetism in TiO2 based DMSs 
 
The wide band-gap semiconductor material TiO2 has been extensively 
studied for its unique physical and chemical properties, such as high 
refractive index, excellent optical transmittance in the visible and 
near-infrared region, high dielectric constant [79], and photocatalysis for 
water cleavage [80]. Recently, TiO2 as an excellent candidate for room 
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temperature diluted magnetic semiconductor (DMS) host has received 
extensive interest in the spintronics research area.  
 
 
Fig 1.3 Representation of magnetic polarons.Adonor electron couples its 
spin antiparallel to impurities with a half-full or more than half-full 3d shell. 
The figure is drawn for magnetic cation concentration x = 0.1 and when the 
orbital radius of the magnetic cation is sufficiently large. Cation sites are 
represented by small circles. Oxygen is not shown; the unoccupied oxygen 
sites are represented by squares. [77] 
 
TiO2 has three kinds of crystal structure, rutile, anatase, and brookite, 
composed of Ti ions having octahedral coordination. Rutile is the 
thermodynamically stable phase at high temperature, and is the most 
widely studied. Anatase is metastable, but can be stabilized in thin-film 
form. Undoped rutile is an anisotropic, tetragonal insulator (a=4.59 Å, 
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c=2.96 Å) that possesses a band gap of ~3 eV. Anatase is also tetragonal 
(a=3.78 Å, c=9.52 Å) with a band gap of 3.2 eV.[81] At low temperatures, 
the permittivity of rutile is ~110 along the a – b direction and ~240 along the 
c axis.[82] The static dielectric constant of anatase is 31.[83] TiO2 can be 
made an n-type semiconductor with n~1019/cm3 via cation substitution or 
by Ti interstitials.[84, 85] Low temperature electron Hall mobility of the 
order of 30– 100 cm2/Vs has been reported for rutile. Hall mobility of 
electron-doped anatase as high as 20 cm2/Vs has been measured. 
 
Since the discovery of RTFM in Co-doped anatase TiO2, [23] a lot of 
attention has been focused on TiO2 doped with 3d-transition metals. [86] 
However, the magnetic elements doping suffers from the problems related 
to precipitates or secondary phase formation. [87] These extrinsic 
magnetic behaviors are undesirable for practical applications.  
 
Besides lightly doping magnetic ions into the non-magnetic oxide 
semiconductor to achieve ferromagnetism; defect engineering, 
intentionally creating cation or anion vacancies, may give rise to magnetic 
moments. Hong et al. [88] reported that the un-doped TiO2 films deposited 
on (100) LaAlO3 substrates are ferromagnetic at room temperature 
(TC>400 K). Theoretical calculations indicated that the cation vacancies, 
the Ti vacancy and divacancy, may be the origin of the ferromagnetism in 
un-doped TiO2 films. [89] Ti vacancies produce net magnetic moments, 
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about 3.5μB per vacancy. The origin is the holes introduced by the Ti 
vacancy in the narrow nonbonding oxygen 2pπ band. Ti divacancies also 
produce net magnetic moments, about 2.0μB per divacancy. Later, the 
local magnetic moment, arising from a cationic vacancy in Nb doped TiO2 
system under certain growth condition, was reported by Zhang et al. [90]. 
Using X-ray absorption spectroscopy (XAS) and X-ray photoemission 
spectroscopy (XPS), supported by first-principles calculations, it is 
concluded that the localized magnetic moments are associated with 
cationic (Ti) vacancies produced as a result of Nb incorporation. More 
recently, it was reported that RTFM was induced in anatase Ti1-xTaxO2 
(x~0.05) thin films by Ti vacancy.[91] The observation of an unambiguous 
magnetic effect in TiO2 system doped with a nonmagnetic ion under 
specific growth conditions may open new avenues for manipulating defect 
magnetism in function oxides that are of interest to spintronics. 
 
Another way to obtain RTFM is doping light elements, such as C, N, at 
anion positions. Based on their first principles calculation, Yang et al. [92] 
and Li et al. [93] predicted the possibility of RTFM for C doped TiO2 in both 
anatase and rutile structures. The theoretical studies of N:TiO2 system 
illustrated that the N dopant at each O site of anatase and rutile TiO2 leads 
to an N2- ion with net spin moment of 1.0 μB per N atom. The p-p interaction 
between N and O should be the origin of FM coupling in this system. The 
hole-mediated double exchange mechanism plays a major role in forming 
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the ferromagnetism for N:TiO2 system. [55,56,58] However, for the RTFM 
in the systems of TiO2 doped by lighting elements, no experiment result 
has been reported to confirm the predictions from these theoretical studies. 
 
1.3 Motivation and Objective 
 
As aforementioned, a new class of diluted magnetic semiconductors based 
on wide band-gap oxide which can obtain the room temperature 
ferromagnetism has drawn intensive attention in the spintronics research 
area. Particularly TiO2 has been theoretically predicted and also 
experimentally proven that it possesses high Curie temperature well above 
room temperature with doping of transition metals, in some cases, even 
without intentional doping of foreign ions. Therefore, TiO2-based magnetic 
semiconductors are technology important to design and fabricate 
spintronics devices form practical engineering applications. However, the 
most important point for industrial applications is that if such room 
temperature FM could really stem from the doped matrices, but not from 
dopant clusters. Since the mechanism that governs the magnetism in this 
kind of systems is still not clear, and actually rather controversial, many 
research groups have been trying to elucidate these issues. In order to 
exclude the extrinsic room temperature ferromagnetic induced by magnetic 
metal dopants, recently, researchers focused on functional oxide 
semiconductors doped by the non-magnetic metal and light elements (C, N 
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etc.). Based on the theoretical calculations and some experiments, it was 
found that in TiO2 system doped by non-magnetic metal ion, Ti vacancy 
should play a very important role for the room temperature ferromagnetism. 
For the light elements doping, theoretical works explored that the room 
temperature ferromagnetism of N doped TiO2 can be obtained due to the 
exchange coupling between the p-p orbitals of O and N, however, no 
experiment result was reported to confirm the prediction s from these 
theoretical studies. 
 
In this context, the overall purpose of this project was to investigate the 
room temperature ferromagnetism induced in TiO2 system and understand 
the possible mechanism behind. The specific objectives were: 
 
(1) Via Pulse Laser Deposition (PLD) technique, fabrication of Ga doped 
TiO2 films with high Curie temperature above room temperature. To 
induce RTFM in TiO2 films through certain growth condition and find the 
possible origin of ferromagnetism. It should be noted that the focus here 
is on non-magnetic elements doped TiO2. This is because no 
intentional introduction of magnetic elements into TiO2 helps exclude 
any possibilities of FM induced by the precipitates or phase segregation 
of magnetic dopants, which favours a better understanding of intrinsic 
FM property and realization of a genuine DMS. Furthermore, it is also 
necessary to develop possible defect engineering technique for specific 
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TiO2-based DMS system which has already possessed certain 
proposed mechanism of defect ferromagnetism. 
 
(2) Experimentally study the room ferromagnetism of N doped TiO2 film 
which was explored already by theoretical calculations and find the 
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Chapter 2 Thin film deposition and characterization 
 
In this chapter, the experimental methods employed in this thesis are 
introduced. First, the pulsed laser deposition (PLD) system employed for 
thin films deposition and target preparation are described. Then, the 
characterization techniques used for the analysis of material properties are 
described. 
 
2.1 Pulsed laser deposition (PLD) system 
 
Pulse laser deposition (PLD) is a well-established thin film deposition 
technique for growing high quality films. PLD system was utilized for the 
first time in the 1960's, after the first commercial ruby laser was invented 
[1]. Nevertheless, as a thin film growth method it did not attract much 
research interest until the late 1980′s [2], when it has been used for 
growing high temperature superconductor films. During the late decade, 
pulsed laser deposition has been employed to fabricate crystalline thin 
films with epitaxy quality. Ceramic oxide, nitride films, metallic multi layers, 
and various super lattices grown by PLD have been demonstrated. 
 




The PLD system set-up in this study is illustrated in Fig. 2.1 The equipment  
consists of an excimer laser source, guiding optics, deposition chamber 
( 18‖, mainly including a rotating target holder, a heating block) , load lock 
and vacuum pumps (mechanical pump and turbo pump). The set-up of the 
deposition chamber is shown in Fig. 2.2  
 
 
Fig 2.1 PLD system employed in this project 
 
In this project, A KrF excimer laser (Lamda Physik Compex 205), operating 
at a wavelength of 248 nm, with a repetition rate from 1 Hz to 50 Hz and 




The laser beam is guided through a focusing lens (f = 50 cm). The high 
quality of film deposition demands a uniform and focused laser beam. A set 
of optics (lenses) is placed between the laser sauce and the deposition 
chamber to steer and focus the laser beam before ablating the target. 
 
 




The load lock system is applied to transfer substrates without opening the 
deposition chamber. The substrates are mounted on a spring-loaded 
susceptor plate, so called ―substrate holder‖. 
 
As shown in the fig. 2.2, after passing through a UV SiO2 window located 
on the wall of the deposition chamber, the laser beam was focused on the 
targets at an incident angle of 45°. The target was mounted on the rotating 
target holder which is driven by a small DC motor. By mounting at most six 
targets on the holder, multilayer structures can be achieved by sequential 
ablation of targets without breaking the vacuum. In the deposition chamber, 
the substrate holder is fixed on a heating block. The substrate temperature 
can be controlled from room temperature up to around 1000 °C. A type K 
thermocouple was used to monitor the temperature. 
 
The deposition chamber was pumped with a turbo-pump (UMU520H) and 
a MD4 membrane pump (oil-free roughing). The optimal base pressure 
could reach 5×10-8torr. A convectron (10m torr ~ 1atm) and a cold cathode 
vacuum gauging (1×10-10torr ~ 10m torr) were used the gas pressure 
inside the chamber. The deposition can occur in ultra high vacuum or in the 
presence of a background gas, such as O2, N2O etc. One fine and coarse 
valve attached to a flow-meter were used to adjust the background gas 
flow rate. The background gas pressure during thin film deposition was 





2.1.2 Mechanism of film growth using PLD system 
 
The principle of pulsed laser deposition, in contrast to the simplicity of the 
system set-up, is a very complex physical phenomenon. It involves all the 
physical processes of laser-material interaction during the impact of the 
high-power pulsed radiation on a solid target. It also includes the formation 
of the plasma plume with high energetic species, the subsequent transfer 
of the ablated material through the plasma plume onto the heated 
substrate surface and the final film growth process. Thus PLD generally 
can be divided into the following four stages: 
 
(1) Laser radiation interaction with the target: In this stage, the laser beam 
is focused onto the surface of the target. At sufficiently high energy 
density and short pulse duration, all elements in the target surface are 
rapidly heated up to their evaporation temperature. Materials are 
dissociated from the target and ablated out with stoichiometry as in the 
target, forming a plasma plume with high energetic species. 
 
(2) Dynamic of the ablation materials: The plasma expands away from the 
target with a strongly forward-directed trajectory toward a heated 
substrate placed directly in the line of the plume. The spatial distribution 
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of the plume is dependent on the background pressure inside the PLD 
chamber. In vacuum, the plume is very narrow and forward directed; 
almost no scattering occurs with the background gases. With increasing 
the pressure, a splitting of the high energetic ions from the less 
energetic species occurs. A more diffusion-like expansion of the ablated 
material appears when high pressure is applied. The most important 
consequence of increasing the background pressure is the slowing 
down of the high energetic species in the expanding plasma plume. 
 
(3) Decomposition of the ablation materials onto the substrate: The third 
stage is important to determine the quality of thin film. The ejected 
high-energy species impinge onto the substrate surface and may 
induce various type of damage to the substrate. These energetic 
species sputter some of the surface atoms and a collision region is 
established between the incident flow and the sputtered atoms. Film 
grows immediately after this thermalized region (collision region) is 
formed. The region serves as a source for condensation of particles. 
When the condensation rate is higher than the rate of particles supplied 
by the sputtering, thermal equilibrium condition can be reached quickly 
and film grows on the substrate surface at the expense of the direct flow 
of the ablation particles. 
 
(4) Nucleation and growth of a thin film on the substrate surface: When 
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several small clusters are formed through nucleation, arriving particles 
can directly attach to these clusters. On the other hand, the particles in 
the clusters may dissociate and re-evaporate to the ambient. The 
balance of film growth and dissolution process is eventually determined 
by the Gibb‘s free energy of the system. 
 
Each stage is very material dependent as well as dependent on laser 
related parameters such as laser wavelength, fluence, pulse duration and 
repetition rate, and the preparation conditions including background gas 
type and pressure, substrate type and temperature, and deposition 
geometry. The laser wavelength affects the penetration depth of the laser 
power into the target. The smaller the wavelength, the shallower the 
penetration depth. It facilitates smaller particulates formation and improves 
film quality. The laser fluence impacts significantly on the particulate size 
and density. Above the threshold laser fluence, both the particulate number 
and density increase dramatically with the increasing laser fluence until 
they are saturated at very high laser fluence. Therefore, the high laser 
fluence degrades the film quality while increases the film growth rate. The 
increase of ambient pressure is likely to increase the collision possibility 
between the ejected particles and the ambient gas particles, which causes 
the retardation of deposition rate and the merge of particulates resulting in 
a poor quality of film. High temperature of the substrate provides atoms 
with high mobility which gives rise to a rapid and defect free growth, 
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whereas the film growth at low temperatures may resulting in disordered or 
even amorphous structures. To achieve the high quality film growth, the 
substrate temperature should be optimized for different materials. The 
effect of target-to-substrate distance is similar to the effect of ambient 
pressure. The larger the target-to-substrate distance degrades both the 
film quality and the deposition rate. 
 
2.1.3 Feature of PLD 
 
there are several other deposition methods including molecular beam 
epitaxy (MBE), electron beam evaporation, sputtering, metal-organic 
chemical vapor deposition (MOCVD), plasma-enhanced chemical vapor 
deposition (PECVD) and chemical vapor deposition (CVD). Compared with 
other thin film deposition methods, PLD is simple and versatile, showing 
many advantages. First, it allows material deposition in all kinds of 
environments because the energy source for ablation is located outside the 
chamber. For instance, an external energy source leads to an extremely 
clean process, e.g. without filaments as are employed in evaporation 
methods. Second, Making multilayer materials can also be done rather 
easily with PLD, because different targets can be positioned under the 
laser beam. This is generally done with multi-target holder or carousel. 
Third, it has the capability to transfer the target stoichiometry accurately 
and effectively to the film, so it was widely used to manufacture the high 
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temperature superconducting and other complex oxide thin films. 
Furthermore, the deposition rate in the PLD technique is highly 
controllable.  
 
There are, however, certain drawbacks associated with PLD. The intrinsic 
―splashing‖ associated with laser ablation results in the incorporation of 
micron to submicron size particles on the film surface. However, a number 
of techniques can eliminate the particles, which include using a high quality 
target, velocity filter and shadow mask, etc. Scaling up is another concern 
for PLD. The plasma plume formed by the laser is forward directed, the 
thickness of the material collected on a substrate is not homogeneous. The 
area covered by the deposited materials is also quite small, typically 
~1cm2, such that PLD is mainly used in research purposes. Nevertheless, 
with the demand for improved electronics based on metal-oxide, or other 
multicomponent thin films, the commercial development of PLD systems is 
undertaken. It has been reported that some PLD systems can deposit thin 
films on 8-inch wafers with the deposition rates of more than 1x10-6 cm/s 
[3]. 
 
2. 2 Target and substrate preparation 
 
Before a deposition is carried out, a very uniform and homogenous target 
is first prepared. In general, high-density and highly homogenous target 
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play a very important role for high quality films. In this project, the targets 
were prepared by mixing Ga2O3 (Sigma-Aldrich, 99.99%) and TiO2 
(Sigma-Aldrich, 99.99%) powder in different atomic ratios and only pure 
TiO2 (Sigma-Aldrich, 99.99%) powder, respectively. The powders were 
ground formore than 1hr in a new alumina mortar to ensure that all the 
powders were uniformly mixed and no magnetic impurities. The mixed 
powders were then pressed into an 1-inch pellets and sintered in a furnace 
in ambient atmosphere at 1250℃ for 10hrs.  
 
In this project, the employed substrate is LaAlO3 (001) single-crystal 
substrates with size 5mm×5mm×0.5mm. The substrate was chosen due to 
minimum lattice mismatch to TiO2. The substrates were cleaned using 
deionized water, ethanol and acetone in turn, and then dried with highly 
pure Ar gas. 
 
2.3 Structural characterization 
 
2.3.1 X-ray diffraction (XRD) 
 
X-ray diffraction (XRD) is a non-destructive technique that reveals detailed 
information about the chemical composition and crystallographic structure 




The solid matter can be described as amorphous and crystalline. The 
properties of a material can often be lined back to the arrangement of 
atoms in its crystal structure. When a beam of X-ray goes through the 
crystal, the electrons are forced to vibrate in electromagnetic field, the 
frequency of which is the same as the X-ray. Electrons in forced vibration 
will produce alternating electromagnetic field, which radiate 
electromagnetic waves with a same frequency. The movement of these 
electrons re-radiates X-rays with the identical frequency; this process is 
known as coherent scattering. For the orderly periodic arrangement of 
atoms, the coherent scattered waves interfere each other. In some 
directions, waves strengthen and diffracted ray can be observed; while in 
some other directions, waves weaken, so no diffracted ray can be seen. 
Then we got the diffraction pattern. The X-ray diffraction pattern of a pure 
substance is, therefore, like a fingerprint of the substance. 
 
The instrumentation for X-ray diffraction involves an X-ray source, which 
provides the incident beam on the sample, and a X-ray detector, which 
measures the intensity of the diffracted beam emanating from the sample 
at a certain angle. Diffraction patterns showing peaks and intensity of 
various crystallographic textures can then be obtained and analyzed. 
 
The simplest and most useful description of crystal diffraction is the 
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Bragg‘s law [4], which is shown in Fig 2.3:  
 
Fig 2.3 Diagram illustration of Bragg‘s Law [4] 
 
XRD, as one of major techniques for the investigation of crystallographic 
structure, is commonly employed to (1) phase identification; (2) 
determination of ion doping; (3) dynamic analysis of crystal structure; (4) 
identification of periodicity. Moreover, XRD are widely used in measuring 
lattice parameter, crystal texture, crystallite size, degree of crystallinity.  
 
In this project, a Bruker D8( ADVANCE) XRD system with monochromatic 
and Cu 
Kα radiation (λ = 1.54056 Å) was employed for phase characterization of 
the thin films. The standard θ-2θ scan was used to collect the 
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crystallographic information, in which the sample is rotated by the angle of 
θ whilst and detector is rotated by 2θ. The material phase was identified 
using standard database of Joint Committee on Powdered Diffraction 
Standard (JCPDS). In addition, the quality of texture parallel to the film 
plane can be further examined by the full width at the half maximum 
(FWHM) of the rocking curve (ω scan). When the film is very thin (e.g. 
thickness < 10nm), glancing angle scan (GAXRD) is useful, due to the 
avoidance of signal from substrate. GAXRD is commonly performed by 
fixing the incident angle at a very small value with respect to the sample 
surface so that only few tens of nanometer beneath the film surface can be 
detected. It is noted that the planes detected by GAXRD are the ones 
unparallel to the film surface. 
 
2.3.2 Atomic force microscopy (AFM) 
 
Scanning probe microscopes (SPM) define a broad group of instruments 
used to image and measure properties of material, chemical, and biological 
surfaces. The two primary forms of SPM are scanning tunneling 
microscopy (STM) and Atomic force microscopy (AFM). But the biggest 
limitation of STM, which was first developed in 1982, [5] is that it can only 
image materials that can conduct a tunneling current.  Atomic force 





Similar to other SPM, AFM raster scans a sharp probe over the surface of 
a sample and measures the changes in force between the probe tip 
(typically made from Si3N4, or Si) and the sample. Fig 2.4 illustrates the 
working concept for an AFM. A cantilever with a sharp tip is positioned 
above a surface. Depending on this separation distance, long rang or short 
range forces will dominate the interaction. This force is measured by the 
bending of the cantilever by an optical lever technique: a laser beam is 
focused on the back of a cantilever and refected into a photo-detector. 
Small forces between the tip and sample will cause less deflection than 
large forces. By raster-scanning the tip across the surface and recording 
the change in force as a function of position, a map of surface topography 
and other properties can be generated. 
 
AFM provides a number of advantages over conventional microscopy 
techniques. AFMs probe the sample and make measurements in three 
dimensions, x, y, and z (normal to the sample surface), thus enabling the 
presentation of three-dimensional images of a sample surface. This 
provides a great advantage over any microscope available previously. With 
good samples (clean, with no excessively large surface features), 
resolution in the x-y plane ranges from 0.1 to 1.0 nm and in the z direction 
is 0.01 nm (atomic resolution). AFMs require neither a vacuum 
environment nor any special sample preparation, and they can be used in 
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either an ambient or liquid environment. With these advantages AFM has 
significantly impacted the fields of materials science, chemistry, biology, 
physics, and the specialized field of semiconductors. 
 
Fig 2.4 Scheme of an atomic force microscope 
 
There are three primary imaging modes in AFM: the contact mode where 
the probe-surface-separation is less than 0.5 nm, the intermittent contact 
that occurs in a range of 0.5 and 2nm and the non-contact mode where the 
probe-surface-separation ranges from 0.1 to 10nm. The choice as to which 
AFM mode to use depends on the surface characteristics of interest and on 
the hardness/stickiness of the sample. Contact mode is most useful for 
hard surfaces; a tip in contact with a surface, however, is subject to 
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contamination from removable material on the surface. Excessive force in 
contact mode can also damage the surface or blunt the probe tip. 
Intermittent mode is usually preferred to image samples with structures 
that are weakly bound to the surface or samples that are soft (polymers, 
thin films). Non-contact mode is another useful mode for imaging soft 
surfaces, but its sensitivity to external vibrations and the inherent water 
layer on samples in ambient conditions often causes problems in the 
engagement and retraction of the tip.  
 
In the project, a DI III AFM system was employed to conduct surface 
topography scanning and intermittent mode was selected for surface 
analysis. 
 
2.3.3 X-ray photoelectron spectroscopy (XPS) 
 
XPS (X-ray Photoelectron Spectroscopy) is a widely used technique to 
investigate the chemical composition of surfaces, due to its high 
information content, flexibility in addressing a wide variety of samples and 
sound theoretical basis. XPS based on the photoelectric effect [7,8] was 
developed in the mid-1960‘s by Kai Siegbahn and his research group. [9]  
 
Over the past few decades XPS has been developed into the key surface 
characterization method which combines surface sensitivity with the ability 
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to quantitatively obtain both elemental and chemical state information [10]. 
Data interpretation has been established within a number of published 
databases [11, 12] and in the modern times on-line services have become 
available on the World Wide Web [13]. As we know, nowadays XPS is a 
very important analytical tool in the area of thin films [14]. XPS analysis 
gives rise to useful information such as composition, chemical state, and 
thickness etc. of thin films. 
 
 
Fig 2.5 A schematic diagram of XPS processes [15] 
 
As shown in fig. 2.5, when a beam of monochromatic X-ray incindents on 
the sample, it is absorbed by the atoms, electrons will be ejected whose 
kinetic energy equals to the difference in energy between that of the 
incident photon (hν) and the energy require to remove the electron from the 
sample. This process can be expressed by the following equation: 
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BE = hν - KE – φ  
Where BE is the binding energy of the electron in the atom (a function of 
the type of atom and its environment), hν is the photon energy of X-ray 
source (h is Planck‘s constant, ν is the frequency of X-ray probe beam) , 
KE is the kinetic energy of the emitted electron that is measured in the XPS 
spectrometer andφis the spectrometer work function. For XPS, Al Ka 
(1486.6eV) or Mg Ka (1253.6eV) is often the photon energies of choice. 
The XPS technique is highly surface specific due to the short range of the 
photoelectrons that are excited from the solid. The energy of the 
photoelectrons leaving the sample is determined using an analyzer and 
this gives a spectrum with a series of photoelectron peaks. The binding 
energy of the peaks is characteristic of each element. The peak areas can 
be used (with appropriate sensitivity factors) to determine the composition 
of the materials surface. The shape of each peak and the binding energy 
can be slightly altered by the chemical state of the emitting atom. Hence 
XPS can provide chemical bonding information as well. Normally, in the 
outmost 10nm of thin films surface， XPS can identify all elements (present 
at concentration >0.1 atomic %) except H and He. The analysis of 
composition has been widely applied in the thin film research fields. We 
can obtain the composition of thin films from XPS spectra. The information 
of all elements in thin film can be gained from the survey scan spectrum of 
XPS. The detailed information of each element in the thin film can be 




In this project, XPS (ESCA LAB 220i-XL) with a Mg Kα (1253.6 eV) X-ray 
source applied was employed for the chemical composition and chemical 




In this project, the surface profilometer used to measure the thickness of 
the films is from Tencor with model Alpha-Steo 500. The profilometer 
measures the surface topography with a stylus that is dragged across the 
sample surface with a constant load. The fluctuations of the stylus height 
are recorded as a function of position.  The resolution of the measurement 
is dependent on the radius of the stylus and the geometries of the features. 
The Alpha-Step 500 is equipped with a standard stylus of 12.5 micron 
radius. This kind of contact-mode profilometer is  not suitable for very soft 
and easily damageable surface. 
 
2.4 Magnetic property characterization 
 
Many types of magnetometers have been developed and are now 
commercially available. They can be broadly classified into two categories: 
(1) Those employing direct techniques, such as measurement of the force 
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experienced by the specimen in a non-uniform field (Guoy, Faraday, Kahn 
balances); (2) Those based on indirect techniques such as measurement 
of magnetic induction due to relative motion between the sample and the 
detection coils system (vibrating smaple, vibrating coil, SQUIDs). In this 
project, VSM and SQUID were employed for the characterization of 
magnetic property. 
 
2.4.1 Vibrating sample magnetometer (VSM) 
 
The vibrating sample magnetometer (VSM), pioneered by S.Foner, [16] is 
a simple yet effective technique for characterizing properties of magnetic 
material. The principle of VSM is to measure the magnetization of a sample 
by detecting the electromagnetic force (voltage V(t)) induced in a coil when 
magnetic flux (Φ) is changing in time (Faraday‘s law) [17]  
V(t) = - C · dΦ / dt 
Where, C is a constant. The schematic of the VSM set-up is illustrated in 
Fig. 2.6. As used in an electromagnet, the sample, mounted on a 
non-magnetic rod, is oscillated or vibrated at the geometrical center of the 
air gap, between two pairs of fixed coil. It thus induces the change of 
magnetic flux through pick-up coil and in turn induces an electrical signal in 
the coils. The induced signal in the pick-up coil is proportional to magnetic 
moment of sample, but independent on the external applied magnetic field. 
This electrical signal is measured by a lock-in amplifier and transferred to 
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magnetic moment of the sample. Hysteresis loop can be obtained by 
measuring the sample in the external applied field switched the direction 
from a maximum positive field, through Zero, to a maximum negative field 
and back to the maximum positive field. 
 
In this study, magnetic properties (hysteresis loops) were measured using 
the vibrating sample magnetometer (Lakeshore 7400) with the applied field 
maximum 21 kOe at room temperature. The sample was mounted on the 
sample holder with a non-magnetic sample straw. Before the VSM 
measurement, a standard Ni foil was used to calibrate the magnetic 
moment of the equipment. The applied field can be applied in two 
configurations, parallel (||) and perpendicular (⊥) to the film plane. 
 
 




2.4.2 Superconducting quantum interference device (SQUID) 
 
The superconducting quantum intererence device (SQUID) is currently the 
most sensitive magnetometer for magnetic properties investigation. In 
many cases, SQUID instrumentation offers the ability to make 
measurements where no other methodology is possible. Typically, a Squid 
is a ring of superconductor interrupted by one or more Josephson junction.  
 
Superconductor, found in 1911 [18], is an element that loses its electrical 
resistance below a Curie temperature Tc. In superconductors, the current 
is not carried by single electrons but by pairs of electrons with opposite 
spins called Cooper pairs. The binding energy is large compared to the 
thermal scattering, as a result cooper pairs propagate through the material 
without any resistance. Cooper paired electrons have lower energy than 
the Fermi energy. If two superconducting regions are kept isolated from 
each other by a very thin non-superconducting material, there will be a 
tunneling current across the gap. The tunneling of the electron-pairs across 
the gap carrying a superconducting current was predicted by Josephson. 
The junction between the two superconductors is called a ―Josephson 
Junction‖. [19] SQUID uses Josephson effect phenomena to measure 
extremely small variations in magnetic flux. When a loop of superconductor 
is interrupted by a weak link Josephson junction, the magnetic flux 
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threading sets up a current in the loop. Any small flux change from the 
sample causes the significant variation of the magnetic flux threading, 
inducing a detectable shielding current formation in the loop. Due to the 
very high sensitivity of the detector of SQUID, the resolution limit of it can 
reach up to 10-8 emu (much higher than the resolution of VSM ~10-6 emu) 
Furthermore, SQUID system commonly allows to measure magnetization 
over wide temperature range from 2K to 400 K and the temperature can be 
accurately controlled. 
 
The set-up of SQUID system is shown in Fig. 2.7. All the SQUIDs 
components are placed inside a Dewar (vessel), which serves a shield for 
thermal radiation, ambient electronic noise and external magnetic signals. 
The sample tube is used to house a sample in a straw and it is kept in 
vacuum state. The air lock valve is closed after loading sample. A thermal 
heater is used to increase temperature inside the sample tube and cooling 
is achieved by liquid Helium and liquid Nitrogen. The in-situ temperature is 
monitored by a thermometer in the vicinity of the sample. 
 
In this project, a SQUID system (Quantum Design, MPMS XL-5) was used 
for the magnetic properties measurement at various temperatures. A 
non-magnetic plastic straw provided by Quantum Design was used for the 
sample holder. To eliminate the remnant magnetic field trapped in the 
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Diluted magnetic semiconductors (DMSs) have been considered as 
promising candidates for spintronics devices, due to their combination of 
ferromagnetic and semiconductor behaviour. In order to achieve 
roomtemperature ferromagnetism for DMSs, researchers have attempted 
to use magnetic elements to dope wide-gap oxide semiconductors, such 
as ZnO, TiO2, In2O3 and SnO2, according to the prediction of Dietl et al. [1]. 
Room-temperature ferromagnetism has been widely reported in 
oxide-based magnetic semiconductors [2–5]. In addition, more recently, 
the manipulation of ferromagnetism by an electric field has been 
demonstrated by Yamada et al. [6] in Co-doped TiO2 films, which is a 
breakthrough for spintronics device applications. However, in many oxide 
magnetic semiconductor systems, it has been found that ferromagnetism is 
strongly related to the presence of defects: many doped defect-free thin 
films or single crystals do not show room-temperature ferromagnetism [7]. 
Therefore, research on ferromagnetism due to defects, which are induced 
during fabrication or by intentionally doping with nonmagnetic elements, 
has attracted wide interest [8–12]. It has been reported that Li-doped ZnO 
can induce room-temperature ferromagnetism and the ferromagnetic 
behavior can be tailored by manipulating the fabrication parameters [13]. 
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Experimental analysis and first-principles calculations indicate that the 
ferromagnetism is correlated with the existence of Zn vacancies, which are 
stabilized by Li doping. This raises the question whether cation vacancies 
would be ferromagnetic in other wide-gap semiconductors, such as TiO2. 
Hong et al. [14] reported that the un-doped TiO2 films deposited on (100) 
LaAlO3 substrates are ferromagnetic at room temperature (TC>400 K). 
Theoretical calculations indicated that the cation vacancies, the Ti vacancy 
and divacancy, may be the origin of the ferromagnetism in un-doped TiO2 
films. [15] Ti vacancies produce net magnetic moments, about 3.5 μB per 
vacancy. The origin is the holes introduced by the Ti vacancy in the narrow 
nonbonding oxygen 2pπ band. Ti divacancies also produce net magnetic 
moments, about 2.0μB per divacancy. Later, the local magnetic moment, 
arising from a cationic vacancy in Nb doped TiO2 system under certain 
growth condition, was reported by Zhang et al. [16]. Using X-ray absorption 
spectroscopy (XAS) and X-ray photoemission spectroscopy (XPS), 
supported by first-principles calculations, it is concluded that the localized 
magnetic moments are associated with cationic (Ti) vacancies produced as 
a result of Nb incorporation.   
 
In this work, we report room-temperature ferromagnetism in Ga-doped 
TiO2 film, which was deposited at an oxygen partial pressure higher than 
10-4 torr. In addition, the possible ferromagnetism of TiO2 doped with other 







The samples were all prepared using a pulsed laser deposition (PLD) 
system. The targets were prepared by mixing Ga2O3 (Sigma–Aldrich, 
99.99%) and TiO2 (Sigma–Aldrich, 99.99%) in different atomic ratios in a 
new alumina mortar. The powders were ground for more than 1 hr to 
ensure that all the powders were uniformly mixed. The mixed powders 
were then pressed into pellets and sintered in a furnace in ambient 
atmosphere at 1250℃ for 10 hrs. The films were deposited on LaAlO3 (001) 
single-crystal substrates 5 mm × 5 mm × 0.5 mm, due to minimum lattice 
mismatch to TiO2. The substrates were cleaned using deionized water, 
ethanol and acetone in turn, and then dried with highly pure Ar gas. All the 
films were deposited at approximately 600℃ (nominal 900℃) using a KrF 
excimer laser operating at 248 nm and a fluency of 1.8 J cm-2. The oxygen 
partial pressure was varied from 10-6 to 10-3 torr.  
 
X-ray diffraction (XRD, Bruker, Advanced D8) using Cu Kα radiation 
(λ=1.5406 Å) was used for the structure and phase characterization. The 
scanning was performed with θ–2θ mode in the range of 20–90° with a 
step size of 0.02°. X-ray photoelectron spectroscopy (XPS, Thermo 
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Scientific, UK), which is equipped with a monochromic Al Kα X-ray source 
(energy 1486.68 eV) is used for the composition analysis. The power of the 
X-ray source is 150 W (13 kV×12 mA). The beam spot size is 500 μm. And 
the photoelectron take off angle is 90°. The binding energy is refereed by C 
1s=285.0 eV for adventitious hydrocarbon. Before the scanning, the 
spectrometer was calibrated by Au 4f7 = 83.96 eV, Ag 3d5 = 368.21 eV, 
and Cu 2p3 = 932.62 eV. The Time of Flight Secondary Ion Mass 
Spectroscopy (TOF-SIMS, ION TOF SIMS IV) is used for the analysis of 
impurities and composition using a 25 keV Ga+source focusing on an area 
of 2×2 μm. Atomic force microscopy (AFM, Nano III, Digital Instruments) 
were employed for the scanning of surfacemorphology. The magnetic 
properties were measured using a superconducting quantum interference 
device (SQUID, Quantum Design, MPMS, XL-5) system. Positron 
annihilation spectroscopy (High Energy Physics Institute, Beijing, PR 
China) was used to examine the Ti vacancies. 
 
3.3 Results and discussion 
 





Fig3.1. (a) XRD spectra of Ga–TiO2 with different doping concentrations of 
Ga on a log scale deposited under an oxygen partial pressure of 10-3 torr. 
(b) AFM image of 5 at% Ga–TiO2. (c) The corresponding domain structure 
of the sample in (b) taken by MFM. 
 
Fig.3.1a shows typical XRD spectra of TiO2 films doped with different 
concentrations of Ga. All these films exhibit highly textured growth on 
LaAlO3 substrate in the (004) direction. The deposited films are anatase 
phases, unlike a recently reported observation [17]. Rocking curves 
showed that the full width at half maximum (FWHM) is approximately 0.3°, 
indicating a high quality of the epitaxial growth (not shown in the graph). 
From analysis of Fig3.1a, we can as certain that with increasing Ga doping 
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concentration, the (004) peak continues to have a red shift for Ga doping 
concentration of 1–5 at%, suggesting the substitution of Ti by Ga. The red 
shift is due to the relatively large radius of Ga3+ (0.76Å) compared to that of 
Ti4+ (0.745Å). When the doping concentration of Ga is 10 at%, the (004) 
peak becomes broader. A slight blue shift can be observed, suggesting 
that some Ga ions may enter interstitial sites [13]. It should be noted that 
no secondary phases could be observed from XRD spectra even when the 
doping concentration of Ga is up to 10 at%, probably due Ga3+ and Ti4+ 
having comparable radii. Fig 3.1b shows the surface morphology of 5 at% 
Ga–TiO2 taken by AFM. The surface is very flat. The roughness of the film 
is approximately 0.45 nm, indicating very high quality. 
 
3.3.2 Ferromagnetism of Ga-doped TiO2 films 
 
All the deposited films were measured using a SQUID system. It was found 
that 5 at% Ga–TiO2 film deposited under an oxygen partial pressure of 10
-3 
torr showed strong ferromagnetism at room temperature. The saturation 
magnetization can reach as high as 13 emu·cm–3. In addition, the 
ferromagnetism is strongly dependent on the Ga doping concentration. The 





Fig3.2 Magnetization dependence on the doping concentration of Ga. The 
inset is the M–H loop of 10 at% Ga-doped TiO2. 
 
At low Ga doping concentrations (<5 at%), the saturation magnetization 
increases with increasing Ga concentration. The saturation magnetization 
reaches a maximum when the doping concentration reaches 5 at%. 
Further increasing Ga doping concentration significantly decreases 
saturation magnetization and eventually extinguishes it when the Ga 
concentration is 10 at%. The inset in Fig3.2 is the M–H curve of 10 at% 
Ga-doped TiO2 including the substrate signal, indicating that the 
ferromagnetism is due to neither impurities nor substrates and is therefore 
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related to Ga doping. 
 
 
Fig 3.3 M–H loop of 5 at% Ga–TiO2 at 5 and 300 K. The inset is the M–H 
loop at a small scale. 
 
Fig3.3 shows the hysteresis loops of 5 at% Ga–TiO2 at 300 and 5 K. A 
coercive field (110 Oe) at 300 K (see the inset with a small scale) indicates 
the true ferromagnetism of the sample. In addition, we use MFM to 
examine the same area as shown in Fig3.1b. A strip domain structure can 
be observed in Fig3.1c, further confirming the ferromagnetism. It should be 
noted that the domain structure is not induced by the magnetic tip used in 
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the MFM since when we changed the direction of the scanning area, the 
domain structure changed accordingly. 
 
 
Fig 3.4 Saturation magnetization dependence on temperature. 
 
Fig3.4 shows the temperature dependence of the saturation magnetization 
of 5 at% Ga–TiO2 deposited under an oxygen partial pressure of 10
-3 torr. 
The pattern of the dependence of magnetization on temperature is 
consistent with that of a ferromagnetic material. The curve also indicates 
that the Curie temperature of the film is about 520 K, confirming the 





Fig 3.5 The dependence of the saturation magnetization of 5 at% Ga–TiO2 
on oxygen partial pressure. The inset is the thickness dependence of the 
saturation magnetization. 
 
In order to further understand the origin of ferromagnetism in this film 
without the influence of the magnetic element, we fabricated 5 at% 
Ga–TiO2 under different oxygen partial pressures from 10
-6 to 10-3 torr. The 
effect of oxygen partial pressure on the magnetization is shown in Fig3.5. It 
indicates that the as-deposited films are not ferromagnetic when the 
oxygen partial pressure is in the range 10-6 – 10-5 torr. However, when the 
oxygen partial pressure is higher than 10-4 torr, significant ferromagnetic 
ordering can be observed and the magnetization reaches 13 emu·cm–3 at 
10-3 torr O2. Further increasing oxygen partial pressure does not 
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significantly affect the magnetization. It has been pointed out that the 
ferromagnetic ordering may be due to the interface or surface effect in 
wide-gap oxide magnetic semiconductors [18–21]. In order to eliminate the 
interface or surface effect, we deposited different thicknesses of 5 at% 
Ga–TiO2 under an oxygen partial pressure of 10
-3 torr. The effect of 
thickness on the saturation magnetization of the film at room temperature 
is shown in the inset of Fig3.5. It can be seen that the effects of film 
thickness on saturation magnetization, Ms, is very limited in the range from 
10 to 200 nm. The slightly high Ms for the very thin film may be caused by 
the high standard deviation of the thickness calculation. Some contribution 
from interface or surface to the total saturation magnetization is also 
possible. However, it is very small compared to that of the entire film. 
Hence, the interface and surface effect can be ruled out as the origin of 
ferromagnetism in Ga-doped TiO2 film. 
 
3.3.3 Ferromagnetism origin of Ga-doped TiO2 films 
 
Since there is no magnetic element in the deposition films, the 
ferromagnetism may be attributed to impurities. In this case, we used XPS 
and SIMS to analyze the valence states of the particular elements, their 
stoichiometric ratios and possible magnetic impurities. The XPS Survey 
scan of the 5 at% Ga–TiO2 film, deposited under 1×10
-3 torr oxygen partial 
pressure, was shown in Fig 3.6. From analysis of the XPS results, in 
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addition to C, only Ga, Ti and O elements can be observed. The 
stoichiometric ratio of Ga, Ti and O is roughly 5:28:67, respectively, 
consistent with that of target. Films with other doping concentrations also 
agree well with that of the corresponding target. No trace of other elements, 
especially magnetic impurities, can be observed. 
 
 
Fig 3.6 XPS Survey scan of 5 at% Ga–TiO2 film deposited under 10
-3 torr 
oxygen partial pressure 
 
In addition, the detailed scans on the Ti 2p edge, Ga 2p edge and O 1s 
were done. The results were shown in Fig 3.7, Fig 3.8 and Fig 3.9, 
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respectively. From detailed scans on the Ti, Ga, and O, it has been shown 
that all the films, deposited under 1×10-3 torr oxygen partial pressure with 
Ga concentrations of 1 at%, 5 at% and 10 at%, exhibit similar spectra in 
terms of shape and binding energy, which excludes the possibility of 
ferromagnetism originating from variation in the charge/valence states of Ti. 
The detailed scans 
 
 





Fig 3.8 XPS of Ga 2p edge 
 
 




Fig 3.10 SIMS of 5 at% Ga–TiO2 deposited under 10-3 torr oxygen partial 
pressure; 
 
Fig3.10 shows the SIMS results of 5 at% Ga-TiO2 film deposited under 10
-3 
torr oxygen partial pressure. From SIMS profiling analysis, it can be seen 
that the film thickness is around 85 nm. Ti, O and Ga can be clearly seen in 
the spectra. Since magnetic elements are most probably the impurities 
responsible for the room-temperature ferromagnetism, we measured Cr, 
Mn, Fe, Co and Ni spectra in the films. From the spectra, magnetic 
elements, such as Fe, Co and Ni, have only 1 or 2 counts throughout the 
profile, which is the base noise of the equipment. The spectra of other 
elements are similar to that of Fe, Co and Ni. Hence, there are no 
impurities in the films. From XRD analysis, the rocking curve FWHM is 0.3°, 
confirming the very high quality of the film in terms of crystallinity. In 
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addition, the film quality of 10 at% Ga–TiO2 is not good as that of 5 at% 
Ga–TiO2, and the former does not show ferromagnetism at room 
temperature (inset of Fig. 3.2). Hence, the structural disordering is not the 
origin of ferromagnetism either. Magnetoresistance and anomalous Hall 
effect could be observed at 5 K, but these could not be well defined at room 
temperature. This also indirectly supports the hypothesis that 
ferromagnetism does not originate from impurities. From the 
aforementioned analysis, we can conclude that the ferromagnetism is 
closely associated with Ga doping 
 
Room-temperature ferromagnetism has been found in Li-doped ZnO and 
the ferromagnetism is originated from Zn vacancies [13]. In addition, 
theoretical and experimental results on ferromagnetism of cation vacancies 
have been widely reported [22–24]. Hence, in this work, the 
ferromagnetism in Ga–TiO2 may also be due to Ti vacancies caused by Ga 
doping. In order to verify the existence of Ti vacancies, positron 
annihilation spectroscopy was employed. The measured spectra are 
shown in Fig3.11. From the spectra, 5 at% Ga–TiO2 has the largest S 
parameter, suggesting high concentrations of Ti vacancy-type defects. For 
comparison, 1 at% and 3 at% Ga-doped TiO2 have a small S parameter. In 
addition, from Fig3.11, one can also see that for the pure TiO2 and 
Ga–TiO2 deposited under relatively low oxygen partial pressure, the S 
parameter is very low, suggesting low cation vacancies. From SQUID 
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measurement, we know that 1 at% Ga-doped TiO2 does not exhibit 
room-temperature ferromagnetism, which is behavior similar to that of pure 
TiO2 and Ga–TiO2films deposited at low oxygen partial pressure. This is 
consistent with the positron annihilation spectroscopy measurements, and 
supports the notion that the room temperature ferromagnetism in Ga–TiO2 
should be due to Ti vacancies, induced by Ga doping. Higher oxygen 
partial pressure leads to the higher ferromagnetic ordering. It should be 
noted that from positron annihilation spectroscopy, the thickness of the film 
can be estimated from Z = 40 E1.6/ρ. We choose E = 4 keV and ρ = 3.895 




Fig 3.11 positron annihilation spectroscopy of Ga–TiO2 films with different 




Since Li-doped ZnO [13] and Ga-doped TiO2 possess room-temperature 
ferromagnetism that originates from cation vacancies, this raises the 
question of whether is it possible to use doping of other elements to induce 
ferromagnetic ordering at room temperature. To answer this question, we 
fabricated a series of TiO2 films doped with different elements, i.e. Na, Mg, 
Sn, Ta and W. These elements are chosen to induce defects with different 
valence states of +1, +2, +4, +5 and +6, respectively, as distinct from the 
+3 state of Ga. For comparison, all the films were deposited with the same 
parameters, i.e. substrate temperature 600℃; oxygen partial pressure 10-3 
torr; thickness 80 nm; deposition power 7 mJ; deposition frequency 5 Hz. 
The ferromagnetic properties at room temperature of these doped films are 
listed in Table 3.1. From Table 3.1, it can be seen that if the dopant valence 
is lower than Ti (+4), the material is ferromagnetic at room temperature 
when the film was deposited under an oxygen partial pressure of 10-3torr. 
This may be explained in terms of the production of Ti vacancies by 
element doping. The low valence state of Na, Mg and Ga will lead to Ti 
vacancies and holes. If the valence state is higher than Ti (+4), it will leave 
electrons after doping. The electrons may easily recombine with a Ti 
vacancy, which has a positive charge state. In order to understand whether 
this kind of doping can be considered as a rule for the fabrication of oxide 
magnetic semiconductors, we deposited other oxide semiconductors such 
as In2O3 and SnO2 doped with low valence state elements. The results are 
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shown in Table 3.1. Both Mg – In2O3 and Ga – SnO2 thin films show 
room-temperature ferromagnetism. Therefore, this kind of method may be 
considered as an effective way for achieving room-temperature 
ferromagnetism in oxide semiconductors. 
 
Na-TiO2 Mg-TiO2 Sn-TiO2 Ta-TiO2 W-TiO2 Mg-In2O3 Ga-SnO2 
FM FM Non-FM Non-FM Non-FM FM FM 
Table 3.1. Magnetic properties of various nonmagnetic element doping 




A series of Ga-TiO2 thin films, with various doping concentration of Ga (1 
at% ~ 10 at%), were deposited by PLD system under different oxygen 
partial pressure (10-6 ~ 10-3 torr).  
 
All these films exhibit highly textured growth on LaAlO3 substrate in the 
(004) direction. The deposited films are anatase phases.  
 
Room temperature ferromagnetism s been observed in Ga doped TiO2 film. 
The values of saturation magnetizations (Ms) are strongly dependent on 
the doping concentration of Ga. At low Ga doping concentrations (<5 at%), 
the saturation magnetization increases with increasing Ga concentration. 
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The saturation magnetization reaches a maximum (13emu·cm–3) when the 
doping concentration reaches 5 at%. Further increasing Ga doping 
concentration significantly decreases saturation magnetization and 
eventually extinguishes it when the Ga concentration is 10 at%. The curie 
temperature of the 5 at% Ga–TiO2, deposited under an oxygen partial 
pressure of 10-3 torr, is about 520K. The study of the ferromagnetism of the 
films deposited under different oxygen partial pressure and with different 
thickness ruled out the interface and surface effect as the origin of 
ferromagnetism in Ga-doped TiO2 film.  
 
The XPS and SIMS were used to analyze the valence sates of the 
particular elements, their stoichiometric ratios and possible magnetic 
impurities. The results supported that the ferromagnetism does not 
originate from impurities, and is closely associated with Ga doping.  
 
We propose that the ferromagnetism may be due to the formation of Ti 
vacancies from the substitution of Ga for Ti. The existence of Ti vacancies 
has been verified by positron annihilation spectroscopy.  The results 
showed that 5 at% Ga–TiO2 has the largest S parameter, suggesting high 
concentrations of Ti vacancy-type defects. It is found that the higher 
concentration of Ti vacancies induces a higher saturation magnetization.  
 
Finally, through a series of dopants, we discovered that the ferromagnetism 
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could be induced by doping those elements with low valence states into 
TiO2 films that were prepared by PLD under an oxygen-rich environment. 
However, if the doping element has a high valence state, the film does not 
exhibit the room-temperature ferromagnetism. The work provides a 
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Light elements such as C and N doped oxide semiconductors have been 
attracted wide interest [1–6] since these nonmagnetic element doping may 
avoid the possible extrinsic ferromagnetism induced from the clustering of 
magnetic ions, precipitation or the formation of secondary phases. [7–9] 
First principle calculations indicate that the ferromagnetism is due to the 
exchange coupling between the p–p orbitals of O and C or O and N. [1,6] 
The long extended orbital of p states can induce effective ferromagnetic 
coupling, even though the concentration of doped light element is at a very 
diluted level. [10] For N doped oxide semiconductors, ZnO was first used 
as host and studied, both experimentally and theoretically. [2,4,6]  
 
Subsequently, many theoretical works based on first principle calculations 
were carried out to explore the ferromagnetism of N doped oxide 
semiconductors other than ZnO, such as N doped SnO2, In2O3 and TiO2. 
[11–16] The theoretical studies of N:TiO2 system illustrated that the N 
dopant at each O site of anatase and rutile TiO2 leads to an N
2- ion with net 
spin moment of 1.0 μB per N atom. The p-p interaction between N and O 
should be the origin of FM coupling in this system. The hole-mediated 
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double exchange mechanism plays a major role in forming the 
ferromagnetism for N:TiO2 system. [13,14,16] However, for the RTFM in 
the systems of TiO2 doped by N element, no experiment result has been 
reported to confirm the predictions from these theoretical studies.  
 
In this work, we report the experimental observation of room temperature 
ferromagnetism in N-doped TiO2 derived from pulsed laser deposition 
using N2O gas as dopant source. The ferromagnetism is originated from 




The samples were all prepared using a pulsed laser deposition (PLD) 
system. TiO2 target was prepared by sintering TiO2 powder (99.9999%, 
Sigma-Aldrich), which was ground for more than 1 hr in a new alumina 
mortar. The ground powders were then pressed into pellet and sintered in 
a furnace in ambient atmosphere at 1250℃ for 10 hrs. The films were 
deposited on LaAlO3 (001) single-crystal substrates 5 mm × 5 mm × 0.5 
mm, due to minimum lattice mismatch to TiO2. The substrates were 
cleaned using deionized water, ethanol and acetone in turn, and then dried 
with highly pure Ar gas. All the films were deposited at approximately 
600℃ (nominal 900℃) using a KrF excimer laser operating at 248 nm and 
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a fluency of 1.8 J cm-2. The N2O gas (99.9999%) was used as the 
background gas for the N doped TiO2 films. The partial pressure of N2O 
gas was controlled from 10-7 to 10-2 torr by a digital gas flow meter.  
 
X-ray diffraction (XRD, Bruker, Advanced D8) using Cu Kα radiation 
(λ=1.5406 Å) was used for the structure and phase characterization. The 
scanning was performed with θ–2θ mode in the range of 20–90° with a 
step size of 0.02°. X-ray photoelectron spectroscopy (XPS, Thermo 
Scientific, UK), which is equipped with a monochromic Al Kα X-ray source 
(energy 1486.68 eV) is used for the composition analysis. The power of the 
X-ray source is 150 W (13 kV×12 mA). The beam spot size is 500 μm. And 
the photoelectron take off angle is 90°. The binding energy is refereed by C 
1s=285.0 eV for adventitious hydrocarbon. Before the scanning, the 
spectrometer was calibrated by Au 4f7 = 83.96 eV, Ag 3d5 = 368.21 eV, 
and Cu 2p3 = 932.62 eV. Superconducting quantum interference device 
(SQUID, Quantum Design, MPMS, XL-5) system was used for the 
measurement of magnetic and transport properties. 
 
4.3 Results and Discussion 
 




We first used XRD to characterize the phase of the deposited N-doped 
TiO2 films. XRD analysis showed that all the films had rutile structures with 
a strong (301) texture. One representative XRD spectrum is shown in Fig 
4.1 for the TiO2 film deposited under a N2O partial pressure of 10
-3 torr. An 
x-absorption spectroscopy (XAS) curve shows the typical shape of the 
rutile phase, as shown in the inset of Fig 4.1. [17] 
 
 
Fig 4.1 XRD spectrum of TiO2 film deposited under a N2O partial pressure 
of 10-3 torr (the inset is the XAS of the film). 
 
N-doped TiO2 has been widely used for photocatalyst. [18] However, the 
effective doping of N is challenging. We used XPS to examine the effective 
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doping of N in TiO2 films. Fig 4.2 shows XPS spectra of TiO2:N films 
deposited under different N2O partial pressures. From the spectra, it can 
be seen that no N 1s peak can be found in the XPS spectrum of the TiO2 
film deposited under a N2O partial pressure of 10
-6 torr, suggesting that the 
concentration of N must be very low (below 0.1 at. %). For the TiO2 film 
deposited under 10-5 torr, one peak at 399.5 eV can be seen. It is known 
that N in TiO2 has several states, such as interstitial (396–397 eV), TiN 
state (396–397 eV), and substitution Ti–O–N (~400 eV). Therefore, the N 
1s peak at 399.5 eV belongs to the Ti–O–N state, indicating that 
substitution occurs at a N2O partial pressure of 10
-5 torr. When the N2O 
partial pressure increases to 10-3 torr, two peaks can be observed, located 
at the positions of approximately 396 and 400 eV, respectively, suggesting 
that besides the formation of Ti–O–N bond, interstitial occupation or 
Ti–N–N bond may occur at higher N2O partial pressures.  
 
The overall N concentration and its distribution over O substitution are 
shown in Fig 4.3. It can be seen that no significant presence of N is found if 
the N2O partial pressure is 10
-6 torr or below. When the partial pressure of 
N2O increases to 10
-5 torr, ~0.5 at. % of N substitutes O. A higher N2O 
partial pressure leads to the coexistence of O substitution and interstitial N. 
When the the N2O partial pressure increases to 10
-3 torr, ~0.75 at. % of N 
substitutes O. However, when the N2O partial pressure is higher than 10-
3 




Fig 4.2 XPS spectra of TiO2 films deposited under N2O partial pressures of 
10-6, 10-5, and 10-3 torr. 
 
 
Fig 4.3 The composition of total N and substitutional N in TiO2 films as a 
function of N2O partial pressure. 
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4.3.2 Magnetic and transport properties characterization of N-TiO2 
films 
 
Fig 4.4 indicates the trend of saturation magnetization as a function of N2O 
partial pressure. At low N2O partial pressure (lower than 10
-3 torr), the 
saturation magnetization increases with increasing N2O partial pressure. 
For the film at very low N2O partial pressure (10




Fig 4.4 Magnetization of TiO2:N films deposited under different N2O partial 
pressures. The inset is the magnetic moment of N as a function of 




The original M–H curve of TiO2 film deposited under a N2O partial pressure 
of 10-6 Torr is shown in Fig 4.5, indicating that the film is not ferromagnetic 
at room temperature. The straight line of the M–H curve in Fig 4.5 is 
attributed to the diamagnetic signal of the substrate. With the increase in 
N2O partial pressure to 10
-5 torr, the film becomes ferromagnetic. The 
saturation magnetization of the TiO2:N films increases with increasing N2O 
partial pressure. It reaches maximum at a N2O partial pressure of 10
-3 torr. 
Further increasing N2O partial pressure leads to a decrease in the 
saturation magnetization. From the theoretical first-principle calculations, O 
substitution by N is the origin of ferromagnetism and each substitutional N 
has a magnetic moment of 1 μB. [16] From Fig 4.4, we can see that the 
trend of saturation magnetization versus N2O partial pressure is similar to 
that of composition of substitutional N (O substitution) versus N2O partial 
pressure (shown in Fig 4.3). Room temperature ferromagnetism appears at 
a N2O partial pressure of 10
-5 torr, which is the threshold partial pressure 
for O substitution by N. From our XPS analysis, we can distinguish 
between N at the O sides (O substitution) and interstitial or Ti–N–N in the 
TiO2 films. If we only consider the concentration of the substitutional N, the 
calculated moment is shown in the inset of Fig 4.4. It can be seen that the 
N moment is almost constant for all the films deposited under different N2O 
partial pressures with a value of approximately 0.9 μB, consistent with 
theoretically expected value (1 μB). It should also be noted that the 
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ferromagnetism is not a surface or interface effect since from the thickness 
dependence on magnetization study (inset of Fig 4.5), it can be seen that 
the N moment does not change significantly when the thickness varies 
from 10 to 220 nm. Our experimental results confirm the theoretical 
prediction16 that the ferromagnetism is originated from the substitution of 
O with N. Substitution of O with N induces holes in O 2p states. Holes carry 
magnetic moments and exchange-couple with N dopants through p–p 
interaction, which is similar to the p–d interaction in transition-metal-doped 
oxides. [1,19] The p–p interaction leads to the band splitting, which pushes 
the minority p–p state up and the opposite spins downward. The holes 
produced from substitution of O with N mediate the spin polarization of N 
dopant and lead to an indirect ferromagnetic coupling. The extending tail of 
p orbitals leads to relatively long range interaction and a little amount of 
doping can, therefore, induce relatively strong ferromagnetic order. [1] The 
nonferromagnetic behavior of TiO2:N films deposited under N2O partial 
pressures of 10-7 or 10-6 torr (as shown in Fig 4.5) eliminates the possibility 






Fig 4.5 Original M–H curve of TiO2 films deposited under a N2O partial 
pressure of 10-6 torr; The inset is the thickness dependence on N moment. 
 
The original M–H curve of the TiO2:N film (deposited at 10
-3 torr N2O) is 
shown in Fig 4.6(a). After deducting the substrate signal, a hysteresis loop 
with a coercivity of 115 Oe can be obtained, as shown in Fig 4.6(b). The 
relatively high coercivity confirms the room temperature ferromagnetic 
behavior. The inset of Fig 4.6(b) is the saturation magnetization of the 
TiO2:N film (10
-3 torr N2O) dependent on temperature. The relatively 
constant saturation magnetization at the temperature range of 300–5 K 
confirms the ferromagnetic order of the film. The saturation magnetization 
decreases rapidly at the temperature close to 400 K, suggesting that the 
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Curie temperature may be close to 400 K. 
 
 
Fig 4.6 (a) Original M–H curve of TiO2 film deposited under a N2O partial 
pressure of 10-3 torr. (b) M–H loop after deducting the substrate signal. The 
inset is the saturation magnetization dependent on temperature. 
 
For the magnetic semiconductor materials, magnetoresistance (MR) and 
Hall effect are of importance for practical applications, since the 
manipulation of spintronics devices is via material transport properties. The 
substitution of O by N expects a p-type semiconductor behavior. As shown 
in Fig4.2 and Fig 4.3, only the TiO2:N film deposited at the N2O partial 
pressure of 10-5 torr has pure substitution of O by N, whereas an increase 
in the partial pressure of N2O results in the coexistence of substitutional or 
interstitial N. Our Hall measurement showed that the TiO2:N deposited at 
10-5 torr exhibits p-type behavior, whereas other magnetic TiO2:N films, 
which were deposited at a N2O partial pressure higher than 10
-4 torr, are 
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n-type semiconductors. It may be due to the interstitial N. Therefore, our 
transport study focused on the Ti2O:N film deposited at 10
-5 torr.  
 
 
Fig 4.7 Magnetoresistance (MR) curve of TiO2 film at room temperature 
(N2O partial pressure: 10
-5 torr). 
 
Fig 4.7 is the MR curve of TiO2:N film (10
-5 torr) taken at room temperature. 
Both positive and negative MR can be observed from the curve. Positive 





Fig 4.8 Anomalous Hall Effect (AHE) of TiO2 film (N2O partial pressure: 
10-5 torr). The inset is the resistivity as a function of temperature of the 
above sample. 
 
Fig 4.8 is the anomalous Hall effect of TiO2:N film (10
-5 torr) at room 
temperature. The anomalous Hall effect supports the intrinsic 
ferromagnetism of the film. In addition, from the curve, it can be seen that 
the film shows p-type semiconductivity. From the Hall measurement, the 
film has a mobility of 0.94 cm2· V-1·S-1 and holes concentration of 
6.5×1019/cm3. The inset of Fig 4.8 is the resistance dependence on the 
temperature. The resistance continues to increase with decreasing 
temperature, indicating semiconducting behavior. At temperatures below 
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100 K, the resistivity is too high to be measured for equipment limitation. 
Similar behavior was also observed for other films. It should be noted our 





In summary, room temperature ferromagnetism has been experimentally 
observed in TiO2:N films. A series of N-TiO2 film were deposited by PLD 
system, using pure TiO2 target and N2O gas as dopant source. The N2O 
gas partial pressure was controlled from 10-7 to 10-2 torr.  
 
The XRD analysis showed that all films had rutile structure with a strong 
(301) texture.  
 
From XPS results, it can be seen that no significant presence of N is found 
if the N2O partial pressure is 10
-6 torr or below. When the N2O partial 
pressure increases to 10-5 torr, 0.5 at. % of N substitute O. A higher N2O 
partial pressure leads to the coexistence of O substitution and interstitial N. 
For the N2O partial pressure higher than 10
-3 torr, the substitution of N 
decreases. When the N2O partial pressure increases to 10
-3 torr, besides 





The subsequent study of the magnetic properties showed that the 
saturation magnetization of the TiO2:N films increases with increasing N2O 
partial pressure. It reaches maximum at a N2O partial pressure of 10
-3 torr. 
Further increasing N2O partial pressure leads to a decrease in the 
saturation magnetization. The trend of saturation magnetization versus 
N2O partial pressure is similar to that of composition of substitutional N (O 
substitution) versus N2O partial pressure. If we only consider the 
concentration of the substitutional N, the calculated N moment is almost 
constant for all the films deposited under different N2O partial pressures 
with a value of approximately 0.9 μB, consistent with theoretically expected 
value (1 μB). From the study of the magnetization dependent on the film 
thickness, the interface and surface effect is rule out as the origin of 
ferromagnetism in N-doped TiO2 film, and it can be seen that the N 
moment does not change significantly with different thickness. Our 
experimental results confirm the theoretical prediction that the 
ferromagnetism is originated from the substitution of O with N. Substitution 
of O with N induces holes in O 2p states. Holes carry magnetic moments 
and exchange-couple with N dopants through p–p interaction. The p–p 
interaction leads to the band splitting, which pushes the minority p–p state 
up and the opposite spins downward. The holes produced from substitution 
of O with N mediate the spin polarization of N dopant and lead to an 
indirect ferromagnetic coupling. The extending tail of p orbitals leads to 
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relatively long range interaction and a little amount of doping can, therefore, 
induce relatively strong ferromagnetic order. 
 
Additionally, the substitution of O also resulted in p-type behavior, 
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This thesis mainly explored the synthesis, microstructure room, 
ferromagnetic and transport properties of TiO2-based systems which have 
recently drawn considerable attention for the novel spintronics applications. 
Room temperature ferromagnetism was achieved in non-magnetic metal 
element - Ga doped TiO2 system and light element - N doped TiO2 system, 
which can be potential host materials for spintronics devices. The 
mechanism behind my be different for different systems. Nevertheless, it is 
realized that the ferromagnetism in these two systems should be intrinsic 
and the magnetic dopants segregation can be ruled out as the 
ferromagnetic origin due to no introduction of magnetic elements into TiO2 
in this study. The mechanism of ferromagnetism becomes more clear. The 
defect engineering (intentionally creating cation or anion vacancies) and 
p-p interaction model are valid to explain room temperature 
ferromagnetism in Ga doped TiO2 system and N doped TiO2 system, 
respectively. In Ga doped TiO2 system, the experimental results showed 
that the ferromagnetism should be due to the formation of Ti vacancies 
from the substitution of Ga for Ti. This result is consistent with the 
theoretical calculation done by Peng et. [1] In N doped TiIO2 system, our 
experiment study indicates that the origin of the ferromagnetism is the 
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exchange coupling between the p-p orbitals of O and N, due to the O 
substitution with N. Each substituted N has a magnetic moment of 
approximately 0.9 μB,  which is consistent with the results of the 
theoretical calculation [2,3,4] The detailed results can be summarized 
below: 
 
(1) Ga-TiO2 thin films, with various doping concentration of Ga (1% ~ 10%), 
were deposited by PLD system under different oxygen partial pressure 
(10-6 ~ 10-3 torr). All these films exhibit highly textured growth on LaAlO3 
substrate in the (004) direction. The deposited films are anatase 
phases. Room temperature ferromagnetism s been observed in Ga 
doped TiO2 film. The values of saturation magnetizations (Ms) are 
strongly dependent on the doping concentration of Ga. At low Ga 
doping concentrations (<5%), the saturation magnetization increases 
with increasing Ga concentration. The saturation magnetization 
reaches a maximum (13emu·cm–3) when the doping concentration 
reaches 5%. Further increasing Ga doping concentration significantly 
decreases saturation magnetization and eventually extinguishes it 
when the Ga concentration is 10%. The curie temperature of the 5% 
Ga–TiO2, deposited under an oxygen partial pressure of 10
-3 torr, is 
about 520K. The study of the ferromagnetism of the films deposited 
under different oxygen partial pressure and with different thickness 
ruled out the interface and surface effect as the origin of 
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ferromagnetism in Ga-doped TiO2 film. The XPS and SIMS were used 
to analyse the valence sates of the particular elements, their 
stoichiometric ratios and possible magnetic impurities. The results 
supported that the ferromagnetism does not originate from impurities, 
and is closely associated with Ga doping. We propose that the 
ferromagnetism may be due to the formation of Ti vacancies from the 
substitution of Ga for Ti. The existence of Ti vacancies has been 
verified by positron annihilation spectroscopy.  The results shown that 
5% Ga–TiO2 has the largest S parameter, suggesting high 
concentrations of Ti vacancy-type defects. It is found that the higher 
concentration of Ti vacancies induces a higher saturation 
magnetization. Finally, through a series of dopants, we discovered that 
the ferromagnetism could be induced by doping those elements with 
low valence states into TiO2 films that were prepared by PLD under an 
oxygen-rich environment. However, if the doping element has a high 
valence state, the film does not exhibit the room-temperature 
ferromagnetism. The work provides a general rule for achieving 
room-temperature ferromagnetism with nonmagnetic dopants. 
 
(2) A series of N-TiO2 film were deposited by PLD system, using pure TiO2 
as the target and N2O gas as dopant source. The N2O gas partial 
pressure was controlled from 10-7 to 10-2 torr. The XRD analysis 
showed that all films had rutile structure with a strong (301) texture.  
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From XPS results, it can be seen that no significant presence of N is 
found if the N2O partial pressure is 10
-6 torr or below. When the N2O 
partial pressure increases to 10-5 torr, 0.5 at. % of N substitute O. A 
higher N2O partial pressure leads to the coexistence of O substitution 
and interstitial N. For the N2O partial pressure higher than 10
-3 torr, the 
substitution of N decreases. When the N2O partial pressure increases 
to 10-3 torr, besides the formation of Ti–O–N bond, interstitial 
occupation or Ti–N–N bond may occur. The subsequent study of the 
magnetic properties showed that the saturation magnetization of the 
TiO2:N films increases with increasing N2O partial pressure. It reaches 
maximum at a N2O partial pressure of 10
-3 torr. Further increasing N2O 
partial pressure leads to a decrease in the saturation magnetization. 
The trend of saturation magnetization versus N2O partial pressure is 
similar to that of composition of substitutional N (O substitution) versus 
N2O partial pressure. If we only consider the concentration of the 
substitutional N, the calculated N moment is almost constant for all the 
films deposited under different N2O partial pressures with a value of 
approximately 0.9 μB, consistent with theoretically expected value (1 μB). 
From the study of the magnetization dependent on the film thickness, 
the interface and surface effect is rule out as the origin of 
ferromagnetism in N-doped TiO2 film, and it can be seen that the N 
moment does not change significantly with different thickness. Our 
experimental results confirm the theoretical prediction that the 
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ferromagnetism is originated from the substitution of O with N. 
Substitution of O with N induces holes in O 2p states. Holes carry 
magnetic moments and exchange-couple with N dopants through p–p 
interaction. Additionally, the substitution of O also resulted in p-type 
behavior, accompanied with magnetoresistance and anomalous Hall 
Effect. 
 
5.2 Future work 
 
Based on the substantial experimental results, scientific discussion and 
conclusions drawn from this thesis, several potential directions for future 
research are presented: 
 
(1) As mentioned in the introduction part, there are still many mechanisms 
under strong debate to explain room temperature ferromagnetism in 
magnetic oxides. Until now, there is no mechanisms can explain all 
ferromagnetic phenomena in magnetic oxides. Therefore, further 
investigation of the origin of ferromagnetism is still required, both from 
experimental work and theoretical study (first principles calculations), in 
order to guide the fabrication of spintronics devices. 
 
(2) This work revealed that the room temperature ferromagnetism in 
TiO2-related materials  and further verified that the room temperature 
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ferromagnetism is related with and can also be tuned by defects (cation 
or anion vacancies) . One desirable avenue of future work is to well 
identify the exact type of defects and also fully understand how these 
defects cause FM. Advanced experiments with convincing theoretical 
support is needed for future research. Typical advanced techniques, 
including extended x-ray absorption fine structure (XAFS), x-ray 
magnetic circular dichroism (XMCD) and electron energy loss 
spectroscopy (EELS), could be employed to determine the type of 
defects. After comprehensive understanding of the defects behavior, 
efficient defect engineering technique is able to explored, which could 
be expected to be widely used for improvement of properties of DMS. 
 
(3) Defects-induced ferromagnetism has been proven in TiO2 related films 
under an oxygen-rich environment. Therefore, it is very interesting to 
perform a systematic study for magnetic properties of other oxide (e.g. 
SnO2, In2O3) films. 
 
(4) In this work, room temperature ferromagnetism has been 
experimentally observed in N-TiO2 system. The theoretical calculation 
has predicted the room temperature ferromagnetism in other light 
element (e.g. C) doped TiO2 and other wide-gap oxide (e.g. SnO2, 
In2O3).  However, few experiment results have been reported to 
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